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Identification of a Novel Process Limiting
the Rate of Synaptic Vesicle Cycling
at Hippocampal Synapses
Tsujimoto, 1995; Rosenmund and Stevens, 1996; Ste-
vens and Wesseling, 1998). Several investigators have
found, however, that presynaptic depression can persist
for several minutes after lengthy stimulation at various
types of synapses (Birks and MacIntosh, 1961; Elmqvist
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and Quastel, 1965; Magleby, 1987; Zucker, 1989; Abbott
et al., 1997). Some recent reports indicate a component
of synaptic depression may not be caused by a reduc-
Summary tion in the content of the RRP pool at all, but rather, in
some cases, by a reduced capability of action potentials
During intense presynaptic activity, the readily releas- to trigger the release of fusion-competent vesicles (Ta-
able pool (RRP) of synaptic vesicles empties more kahashi et al., 1996; Brenowitz et al., 1998; Bellingham
quickly than it can be refilled, and short-term depres- and Walmsley, 1999). Nevertheless, evidence from the
sion results. Ordinarily, the pool refills within 20 s, but classic literature shows that, at least at the neuromuscu-
long, high-frequency trains of action potentials often lar junction, some types of depression are associated
induce a form of short-term depression that persists with a reduction in the readily releasable store of trans-
for a much longer time. Here, we report that replen- mitter that lasts for several minutes (Birks and MacIn-
ishment of the RRP is governed by two simple pro- tosh, 1961; Elmqvist and Quastel, 1965).
cesses: the previously identified mechanism termed The longer lasting depression has never been fully
refilling, and another process that appears after exten- characterized, since the recovery of synaptic strength
sive exocytosis and produces a transient decrease in varies widely from situation to situation and appears to
the capacity of the pool, lasting for several minutes. have a complex time course (Liley and North, 1953). A
The data presented here place stringent constraints recovery time course of synaptic strength that seems
on the types of kinetic models that can be used to complicated might, however, have a simple basis that
describe synaptic vesicular cycling and are inconsis- is obscured by the superposition of several processes.
tent with the traditional multipool models of vesicular For example, the type of stimulation that results in slowly
mobilization. recovering depression also produces fairly long-lasting
forms of potentiated release from the RRP (augmen-
tation and posttetanic potentiation) that can confound
Introduction the determination of recovery from depression (Stevens
and Wesseling, 1999).
Synaptic transmission occurs when an influx of calcium, In a recent study, Liu and Tsien (1995a, 1995b) re-
produced by an action potential, triggers the exocytosis ported on a population of vesicles at cultured excitatory
of neurotransmitter-filled vesicles. Although a synaptic hippocampal synaptic terminals that, once released,
takes several minutes to recover. These investigatorsterminal contains many vesicles, it can release only one
induced exocytosis by depolarizing the terminals foror a few at once (Katz, 1969; Zucker, 1989; Korn and
extended periods with superfused, calcium-containingFaber, 1991; Tong and Jahr, 1994; Stevens and Wang,
hyperkalemic solutions. They fit their recovery time1995). These released vesicles are drawn from a physio-
course to a single exponential with a 40 s time constant,logically defined readily releasable pool (RRP), which
far longer than the 5±10 s characteristic refilling time ofcontains a small fraction of the total number in the termi-
the RRP at these same synapses (Stevens and Tsuji-nal (Birks and MacIntosh, 1961; Elmqvist and Quastel,
moto, 1995; Rosenmund and Stevens, 1996; Stevens1965; Katz, 1969; Stevens and Tsujimoto, 1995; Rosen-
and Wesseling, 1998). The population of vesicles thatmund and Stevens, 1996; Schikorski and Stevens, 1997).
Liu and Tsien studied is probably equivalent to severalRapid trains of action potentials cause the synapse to
RRPs' worth of transmitter, since they report releasingexpend the releasable vesicles more rapidly than they
about 90 vesicles per synapse, whereas Stevens andare replacedÐthe replacement process is termed refill-
coworkers observed a RRP size averaging around 10ingÐand so such episodes of activity eventually deplete
quanta (Geppert et al., 1994; Stevens and Tsujimoto,the pool (Zucker, 1989; Rosenmund and Stevens, 1996).
1995; Dobrunz and Stevens, 1997; Murthy and Stevens,Since the exhausted pool cannot provide vesicles for
1999). Liu and Tsien's work suggests that, like the neuro-exocytosis, a form of short-term synaptic depression,
muscular synapses studied in the classic work, the re-termed depletion, results. During periods of rest, the
leasable population of vesicles at hippocampal syn-synapse recovers from depression as the pool refills.
apses sometimes recovers more slowly after extensiveAfter being emptied, the RRP at hippocampal excit-
activity compared to the usual, relatively rapid refillingatory synapses refills completely in ,30 s (Stevens and
of the RRP.
Several workers have speculated that the longer re-
covery times from depression caused by extensive ac-* To whom correspondence should be addressed (e-mail: cfs@
tivity might reflect the depletion of ªreserveº vesiclessalk.edu).
upon which the RRP draws when it refills (Birks and² Present address: Cellular Biochemistry and Biophysics, Sloan Ket-
tering Institute, New York, New York 10021. MacIntosh, 1961; Elmqvist and Quastel, 1965; Liu and
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Tsien, 1995a, 1995b). These classical ªmass actionº up to a proportionality constant by simply recording the
synaptic currents evoked by hypertonic challenge. Withmodels generally suppose the RRP refills at a rate that
depends upon the fullness of a secondary store of trans- this technique, we are able to follow the time course of
recovery of the RRPs of a population of synapses aftermitter. The RRP would thus refill more slowly as the
reserve pool was emptied, accounting for the longer lengthy trains of action potentials. These experiments
involve recording from isolated hippocampal neuronspersistence of depression after the more extensive stim-
ulations. The classical models of synaptic vesicular mo- grown in tissue culture on small ªislandsº (Segal and
Furshpan, 1990; Bekkers and Stevens, 1991). Becausebilization have never been the only option, however. The
slowly recovering depression could, alternatively, be the dendrites of our isolated neurons only receive synap-
tic input from their own axons (autapses), we can be suredue to some other type of activity-dependent modifica-
tion of the RRP itself (Elmqvist and Quastel, 1965; that all of the synapses whose properties we examine by
application of hypertonic solution previously had experi-Zucker, 1989). Until now, the various models of vesicular
mobilization have never been compared quantitatively enced action potential±evoked release. By challenging
patch-clamped, isolated neurons with hypertonic solu-because the depressive effects of extended activity
could not be separated from the various forms of en- tion, then, we are able to monitor the contents of the
RRP at various times after electrical stimulation of thehancement (Stevens and Wesseling, 1999).
Recently, it has become possible to monitor the con- synapses with a method that does not conflate the re-
covery process and synaptic enhancement producedtents of the RRP in a way that is uncontaminated by
calcium-mediated mediated modulation of the physio- by the measurement of the RRP (Stevens and Wesseling,
1999).logical release process (Stevens and Tsujimoto, 1995;
Rosenmund and Stevens, 1996; Stevens and Wesseling,
1998, 1999). This technique has allowed us to resolve the Long, High-Frequency Stimulation Induces a Slowly
processes that limit the rate at which vesicles become Recovering Component of Depression of the RRP
available for release. We report here that, in addition to Our main observation is illustrated in Figure 1, where
the previously identified refilling of the RRP (Stevens we display the recovery of the RRP after long, high-
and Tsujimoto, 1995; Rosenmund and Stevens, 1996; frequency trains of action potentials. For each experiment,
Stevens and Wesseling, 1998), a second bottleneck is we induced action potentials in the autaptic neurons at
present in the vesicular exo/endocytotic cycle. This limit 9 Hz with either 150 or 1000 pulses. Both stimulations
on the rate of synaptic vesicular exocytosis becomes were easily sufficient to effectively empty the RRP (see
apparent after extensive synaptic use and then dissi- Rosenmund and Stevens, 1996). The autapses were
pates steadily over several minutes during periods of then challenged with hypertonic solution two times in
rest. After depletion, the RRP recovers with a time succession. The first challenge was applied at various
course described by the weighted sum of two exponen- times after the electrical stimulation and provided an
tials, one with the previously reported (approximately) estimate for the total amount of recovery versus resting
10 s time constant of refilling, and the other with a longer time. The second application was presented 3 min after
60 s time constant. The relative weighting of these two the first, when the pool had recovered completely, and
components depends on the recent history of exo- defined the resting capacity of the RRP. The time course
cytosis (the weight of the slow component increases of recovery, then, was estimated by comparing the mea-
with heavier synaptic use), and so the total time for sured fractional recovery at each time to the length of
recovery becomes greater with continued synaptic use. delay between the end of the electrical stimulation and
These observations place stringent constraints on the the beginning of the first hypertonic challenge.
types of kinetic models that can be used to describe The autapse preparation often exhibits a small amount
synaptic vesicular cycling. In particular, we show how of continual ªrundownº in the size of the RRP, just as
these observation are inconsistent with the traditional there can be a slow decline in the size of the evoked
model. synaptic currents (Stevens and Wesseling, 1998). Had
we not taken it into account, this phenomenon of run-
down would have resulted in a slight overestimate ofResults
the rate of pool recovery because the normal size of the
pool was always measured 3 min after the depressedFor these experiments, we induce depression with long
trains of action potentials in cultured, isolated hippo- size. To gauge accurately the recovery time course of
the RRP, we therefore independently measured thecampal neurons and then monitor the recovery of the
readily releasable population of vesicles with repeated amount of rundown over a 3 min period for these au-
tapses (average 5% per 3 min) and corrected the dataapplications of hypertonic solution. Although exocytosis
of synaptic vesicles normally occurs in response to cal- accordingly.
Both of the tested stimulus trains (150 and 1000cium influx into the presynaptic terminal, the contents of
the pool can also be released in a calcium-independent pulses) caused a decrease in the size of the RRP that
lasted for several minutesÐmuch longer than the refill-manner when the terminals are challenged with a suit-
able hypertonic solution (Stevens and Tsujimoto, 1995; ing time course for the RRP (Stevens and Tsujimoto,
1995). The first data point was taken 10 s after the pro-Rosenmund and Stevens, 1996; Stevens and Wesseling,
1998). Such an osmotic shock does not alter the post- longed stimulation, time enough for the previously re-
ported refilling process to have mostly run its coursesynaptic quantal response size (Bekkers et al., 1990;
Stevens and Tsujimoto, 1995; Stevens and Wesseling, (Stevens and Wesseling, 1998). Nevertheless, the RRP
had not recovered to its resting size by that time, an1998), and so the contents of the pool can be measured
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observation confirming earlier work (Birks and MacIn-
tosh, 1961; Elmqvist and Quastel, 1965; Magleby, 1987;
Zucker, 1989; Liu and Tsien, 1995a, 1995b) that sug-
gested a decrease in the RRP content is at least partially
responsible for the persistence of a long-lasting type
of short-term synaptic depression. For both stimulus
trains, starting 10 s after stimulation, the recovery of the
number of releasable quanta can be described by a
single exponential with a time constant of 1 min. After
1000 action potentials, the single exponential curve fit-
ted to the data intercepts the ordinate at about 30%,
whereas after 150 action potentials it intercepts at about
55%.
Under our conditions, the trains of action potentials
did not produce large permanent changes in pool size
(see Figure 1B). High-frequency stimulation of cultured
hippocampal synapses has been shown to produce very
long-lasting changes in synaptic strength under some
conditions (Bekkers and Stevens, 1990; Goda and Ste-
vens, 1996, 1998; Ryan et al., 1996), and so we designed
these experiments to measure only the transient forms
of activity-induced depression. We monitored the recov-
ery after electrical stimulation by comparing the size of
the RRP after various delays to the size of the completely
recovered pool 3 min later. We did not include compari-
sons of the size of the pool before and after stimulation
in the analysis presented above. In many cases, this
information was available, however, because we could
maintain stable recording conditions for many trials. A
comparison of the RRP size 1 min before electrical stim-
ulation to the pool contents 4 or 5 min later shows an
average decrement in pool capacity of only 4% (6 2%
SEM, 32 trials) when we stimulated with 150 action po-
tentials, and 10% (6 2%, 12 trials) when we stimulated
1000 times. Although some of this decline might result
from the induction of a small amount of long-term de-
pression, most of it probably represents the time-depen-
dent rundown mentioned above.
Recovery Proceeds with the Sum of Two
Single Exponentials
We next sought to determine if accumulation of the
slowly relaxing type of depression has any effect on
the initial rate at which the RRP refills. We did this by
measuring the initial phase of recovery from depletionFigure 1. Identification of a Slowly Recovering Component of De-
after the induction of the slowly recovering type of de-pression of the RRP
pression, and comparing it to the normal refilling time(A) Depression was induced in autapses with high-frequency stimu-
course of the RRP. The refilling rate itself is acceleratedlations (9 Hz) of either 150 (squares) or 1000 (circles) action poten-
tials. The recovery of the RRP was then monitored with pairs of by stimulation and remains elevated for about 20 s (Ste-
hypertonic solution applications. The first (A1) was applied at an vens and Wesseling, 1998). To obtain an accurate mea-
experimentally varied time after the end of the electrical stimulation, sure of the refilling rate for a comparison, we therefore
and the second (A2) was applied 3 min later when the pool had
measured the refilling time course starting 20 s after therecovered completely, as illustrated in the diagram at top. The frac-
induction of the slowly recovering depression, and thentional recovery at each time point was calculated as the pool size
again 3 min later.estimated at A1 (P1) compared to the size estimated at A2 (P2).
Data were corrected for rundown as indicated in the text. The recov- We presented autapses with two pairs of hypertonic
ery (mean 6 SEM, at least six observations [squares] or at least solution challenges, the first pair starting 20 s after stim-
three observations [circles] for each data point) is fitted by a single ulating the cells with 300 action potentials at 9 Hz, and
exponential with a time constant of 60 s in both cases (solid lines).
the second pair starting 3 min after the end of the first(B) Example electrophysiological data recorded during hypertonic
pair. The first application of each pair served to emptychallenges given to monitor the recovery from depression. Overlaid
the pool, and the second provided an estimate for theare three traces, the first taken before the induction of 1000 action
potentials at 9 Hz, the second (smaller amplitude deflection) taken amount of recovery in the experimentally varied inter-
20 s after stimulation, and the third taken 3 min later. challenge interval. The pool content during the second
challenge of each pair was compared to the estimated
Neuron
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Both recovery time courses are well fitted by the
weighted sum of two exponentials; that is:
s(t) 5 f(1 2 e2t/tf) 1 (1 2 f)(1 2 e2t/ts) (1)
where s(t) is the normalized number of vesicles in the
RRP (s 5 1 if the pool is completely full, and s 5 0 if
the pool is totally empty); f is the weighting of the more
rapidly recovering exponential (f 5 0.59 in the experi-
mental case here, and 3 min later f 5 1); ts is the time
constant of recovery for the slower process estimated
from Figure 1 (60 s); and tf is the refilling time constant
of the RRP (10 s in this case). After the induction of
short-term synaptic depression, then, the RRP recovers
with the weighted sum of two exponentials, the first
originally identified as characteristic of the refilling pro-
cess, and a slower one with a time constant of about
1 min.
Slowly Recovering Component of Depression
Is Presynaptic
We have estimated the recovery of the RRP from the
total postsynaptic charge transferred when hypertonic
solution is applied to a population of autapses. This
method for estimating pool size assumes that the post-
synaptic response to individual exocytotic events is un-Figure 2. The Initial Component of Recovery Is Unchanged after
Depression of the RRP affected by the electrical stimulation used to produce
Depression was induced in autapses by 300 action potentials (9 depression. In the experiments described so far, the
Hz). The refilling of the RRP was then monitored with two pairs of individual quantal miniature excitatory postsynaptic cur-
hypertonic solution challengesÐone starting 20 s after the induction rents (mEPSCs) induced by the hypertonic challenges
of depression and the other 3 min later, as indicated in the diagram
could not be clearly resolved, because isolated neuronsat top. The individual hypertonic challenges of each pair were sepa-
typically have many autapses and a total releasable poolrated in time by an experimentally varied interval (DT). The ratio of
that contains hundreds of quanta. In most preparations,the estimated pool contents during the second application of each
pair (A2 and A4) was compared to the pool contents during the first then, many vesicles undergo exocytosis nearly simulta-
application (A1 and A3, respectively). Both ratios (squares indicate neously in response to hypertonic challenges, and thus
20 s after the induction of depression, circles indicate 3 min later, individual events are obscured. Most long-lasting forms
mean 6 SEM, at least three observations per data point) are plotted
of short-term depression have a presynaptic origin (re-against DT. The recovery of the RRP proceeded like a single expo-
viewed by Zucker, 1989), but in some types of synapsesnential with a 10 s time constant normally (solid line), and, as pre-
at least one component of depression has been showndicted, like the weighted sum of that exponential and another one
with a time constant of 60 s when the pool had been depressed 20 to be due to postsynaptic changes in the function of
s earlier by the electrical stimulation (dotted line). The weighting neurotransmitter receptors (Trussell et al., 1993; Otis et
was calculated from the amount of accumulated depression per- al., 1996). Stevens and Tsujimoto (1995) report that the
sisting 20 s after the electrical stimulation (P1/P3 5 59%; see text).
hypertonic application itself does not affect the size of
the mEPSCs, and Stevens and Wesseling (1998) demon-
strate that short trains of action potentials do not changepool size determined by the first challenge, and both
comparisons are plotted in Figure 2. the quantal size in the hippocampal autapse preparation
either. In order to verify that our estimates of relativeFigure 2 shows that accumulation of the slowly recov-
ering component of depression of the RRP is not accom- pool size by charge transfer are valid for this study,
we must know if long trains of action potentials leavepanied by a change in the previously reported refilling
rate (Stevens and Tsujimoto, 1995). The high-frequency mEPSC size unaffected.
To make sure that the observed long-lasting decreaseelectrical stimulation induced a substantial amount of
the slowly recovering component of depression. Twenty in the RRP size estimated here is not simply caused by
a reduction in the size of the mEPSCs recorded duringseconds after the long train of action potentials, the size
of the RRP was 59% 6 30.4% of the fully recovered the hypertonic challenge, then, we induced the slowly
recovering type of depression in autapses at which thesize (assuming 5% rundown over 3 min). The refilling
time course 3 min after stimulation was well fitted by a individual mEPSCs could be identified throughout the
hypertonic solution application. One thousand actionsingle exponential with a time constant of 10 s (Figure
2), a typical value for refilling (Stevens and Tsujimoto, potentials were evoked (9 Hz), and then hypertonic solu-
tion was applied twice, once 10 s after the end of electri-1995; Stevens and Wesseling, 1998). The relative rate
of recovery was slightly faster during the 20 s that started cal stimulation and then again 3 min later. The quantal
rate and size were measured during each osmotic chal-24 s after the end of the depressive electrical stimulation
(Figure 2), but the concurrent, slowly recovering compo- lenge. A comparison of the quanta released after the
induction of depression with ones measured when thenent of depression accounts for this small discrepancy.
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the pool. A large transient increase in this spontaneous
rate that decayed away with a 60 s time constant could,
therefore, conceivably cause just the sort of slow recov-
ery from depression of the RRP that we observe here.
We can quickly rule out this hypothesis, however. While
the asynchronous quantal rate was slightly (,15%) ele-
vated for the first few seconds after 111 s of 9 Hz stimula-
tion, the spontaneous mEPSC frequency was actually
below normal by 20 s after the last action potentialÐ
presumably reflecting the reduced size of the RRPÐand
then slowly recovered to the baseline frequency over
the next several minutes.
Accumulation of the Slow Component Depends
upon Exocytosis
Synaptic depression has long been thought to depend
on the amount of prior release, in that it has been postu-
lated to result from the exhaustion of pools of vesicles
within the presynaptic terminal (see Zucker, 1989). But
the long trains of action potentials that are required to
induce a substantial amount of the slowly recovering
phase of depression reported here have other incidental
effects on the presynaptic terminal. For example, high-
frequency stimulation is known to cause an intracellular
accumulation of sodium ions, which has also been hy-
pothesized to trigger synaptic depression (reviewed by
Zucker, 1989).
We sought to determine if the repetitive electrical ac-
tivity of action potentials alone was enough to induce
Figure 3. The Slowly Recovering Component of Depression Is Pre- the slowly recovering phase of depression. By lowering
synaptic the extracellular calcium to 0.25 mM, we were able to
Ten seconds, and again 180 s later, after the induction of slowly prevent much of the action potential±coupled vesicular
recovering depression (1000 action potentials at 9 Hz), hyperosmotic exocytosis during high-frequency stimulation (Dodge
challenges were presented to autapses that responded with easily and Rahamimoff, 1967). The synapses stimulated under
distinguished mEPSCs.
such conditions did not accumulate any of the slowly(A) Average rate of mEPSC occurrence as a function of time during
recovering phase of depression of the RRP (Figure 4).application of hypertonic solution. The evoked mEPSC rate 10 s
after high-frequency stimulation (negative slope diagonals) was only We therefore conclude that the accumulation of this
about one-fifth the rate after recovery (positive slope diagonals). type of depression is some downstream result of the
(B) Cumulative and noncumulative histograms of mEPSC size during calcium influx, possibly the exocytosis that accompa-
the same hypertonic challenges (conditions for each histogram are nies action potentials.
symbolized as indicated in the figure). The sizes of the mEPSCs
We next sought to determine if the slow phase ofwere not significantly different in the two cases (Kolmogorov±
recovery from depression could be manipulated by exo-Smirnoff two sample test). Data are combined from four experiments
on a single isolated cell. cytosis triggered in a way that is not associated with a
coincidental rise in intracellular calcium. Stevens and
coworkers (Rosenmund and Stevens, 1996; Stevens and
Wesseling, 1998) have shown that hypertonic solutionsautapses had recovered show that the electrical stimula-
tion did substantially decrease the mEPSC rate (Figure cause exocytosis in just such a calcium-independent
way. We reasoned that if the slowly recovering phase3A) recorded during the first hypertonic challenge, and
did so by an amount that was similar to the total amount of depression were a function of the cumulative amount
of exocytosis, then release induced by a hypertonicof depression. The stimulation did not, however, reduce
the size of the quanta (Figure 3B). We conclude, then, challenge should be just as effective at causing it to
accumulate as release triggered by long trains of electri-that our experimental manipulations do not affect the
size of the mEPSCs but rather induce a slowly recov- cal stimulation. Little if any of the slowly recovering
phase of depression can be induced by a single 4 sering decrease in the size of the RRP.
application of hypertonic solution (Stevens and Tsuji-
moto, 1995). But such a challenge only releases a singleSlowly Recovering Component of Depression Is
Not Caused by an Increase in the Spontaneous RRP full of vesicles, and long trains of action potentials
release much more than that because the pool refillsRate of Exocytosis
High-frequency bursts of action potentials are known continually during extended stimulation (see Stevens
and Wesseling, 1998). Attempting to match the amountto transiently increase the spontaneous rate of mEPSC
release. Those fusion events are probably drawn from of exocytosis induced by long electrical stimulation pro-
tocols with repeated or long applications of hypertonicthe RRP (C. F. S. and J. Williams, unpublished data) and
if frequent enough could result in a partial depletion of solution turns out to be impractical. We therefore tested
Neuron
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Figure 4. The Slowly Recovering Component of Depression Is Not
Induced under Low Calcium Conditions
Calcium was reduced to 0.25 mM in the extracellular solution, and
the size of the RRP was monitored 10 s (as indicated in the illustra-
tion at top) after the induction of an experimentally varied number
of action potentials (9 Hz). Plotted is the amount of depression Figure 5. Repeated Applications of Hypertonic Solution Retard the
Recovery of the Slowly Recovering Component of Depression ofcalculated 10 s after stimulations containing as many as 300 action
potentials versus the amount of depression. Data are corrected for the RRP
rundown as noted in the text (mean 6 SEM, at least four observa- Depression was induced in autapses with 9 Hz stimulation (150
tions per data point). action potentials). As indicated in the illustration at the top, the
autapses were then probed with hypertonic solution once every 10
s, three times in succession (A1, A2, and A3), and then the recovery
to see if release induced by hypertonic challenges could was monitored as for Figure 1 (applications A4 and A5). Data are
plotted as the fractional pool contents versus time after electricallengthen the slow time course of recovery of the RRP
stimulation (mean 6 SEM, three cells, 3±5 trials [closed squares]after the previous induction of depression by action po-
and 15 trials [open squares]). The first three repetitive applicationstentials.
(open squares) blocked the recovery from depression, which then
Figure 5 shows that the slow phase of recovery from proceeded as usual (closed squares). The theoretical curve is a
depression can be prolonged by the repetitive applica- single exponential with a 60 s time constant.
tion of hypertonic solution. Depression was induced in
autapses with a train of 150 action potentials evoked at and the resulting accumulation of the slowly recovering
9 Hz. Hypertonic solution was then applied five times. component of depression. The experiments presented
The first three applications were presented at 10 s inter- here are similar to the ones detailed for Figure 1, except
vals after the end of the electrical stimulation. These this time we varied the duration of the electrical stimula-
osmotic challenges prevented the RRP from recovering tion instead of the time between the train of action po-
from the slow component of depression. After the third tentials and the first hypertonic challenge. For each ex-
application, the recovery of the pool was monitored with periment, we applied hypertonic solution to autapses
two more hypertonic challenges in a way that was similar twice. The first challenge was presented 20 s after the
to the experiments for Figure 1. The delay between the end of the electrical stimulation, when we could be sure
third and fourth challenge was varied experimentally, that the faster process had mostly run its course. The
and the fifth hypertonic challenge was presented 3 min second challenge was presented 3 min after the first one
after the end of the fourth one when the RRP had recov- and provided a standardizing measure of the recovered
ered completely. The amount of recovery was calculated pool size.
from the estimated pool size at each of the hypertonic Since induction of the slow component of recovery is
solution presentations divided by the pool size at the triggered by exocytosis, we plotted the data in Figure
fifth one. The data were corrected for an estimated 5% 6 against the amount of exocytosis produced during the
rundown over 3 min. Figure 5 demonstrates that the electrical stimulation. Because the synapses used in this
repetitive challenges with hypertonic solution can pro- study depress quickly during high-frequency stimula-
long the slow phase of recovery from depression of the tion, the amount of exocytosis is not proportional to the
RRP. After the repetitive challenges, the pool recovered length of the train of action potentials. We, therefore,
with a time course similar to the one in Figure 1. used the sum of the sizes of the synaptic responses to
individual action potentials as our measure of cumula-
Accumulation of the Slow Component Depends tive exocytosis. The postsynaptic current responses in
upon the History of Synaptic Use the autapse preparation overlap with the presynaptic
Figure 6 shows the relationship between the amount of regenerative currents associated with the action poten-
tial, and so, to mitigate the impact of this contamination,exocytosis induced by the high-frequency stimulation
A Novel Process Limiting the Synaptic Vesicle Cycle
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Figure 7. Synapses in Hippocampal Slices Exhibit Both Compo-
nents of DepressionFigure 6. The Slowly Recovering Component of Depression Accu-
mulates with the Amount of Exocytosis Produced during Extended Depression was induced by a 10 s stimulus delivered at 20 Hz to
Trains of Action Potentials Schaffer collaterals in mouse hippocampal slices, and then recovery
from depression was monitored with another high-frequency stimu-Depression was induced in autapses with high-frequency electrical
lation started after a delay (DT) as diagramed at the top of the figure.stimulations (9 Hz) of various lengths. The recovery of the RRP
The recovery of the RRP was followed by summing the amplitudeswas then monitored 20 s later with a single hypertonic solution
of responses evoked during a 4 s stimulus train (20 Hz). The relativepresentation (A1), and then with another 3 min later (A2), as dia-
recovery (average 6 SEM for three slices with at least five trials pergramed at top. The amount of recovery was calculated as the ratio
point) is plotted as a function of DT (s). The inset is a typical recordof the estimated pool size at A1 (P1) divided by the size at A2 (P2)
with the scale bars indicating 0.5 mV and 5 ms. The smooth curveand plotted against the estimated relative cumulative release during
is Equation 1 with time constants of 6 and 60 s and with f 5 0.43.stimulation trains consisting of 36, 72, 150, 540, and 1000 action
potentials (mean 6 SEM, at least three observation per data point).
Cumulative release was estimated as the summed responses to all
of the action potentials and normalized by the responses to the first
trains of action potentials (20 Hz) instead of osmotic36 (see text). Data are corrected for continual rundown as noted in
challenges to estimate the pool size and thereby monitorthe text. The ordinate on the right indicates the relative weight on
its recovery.the quickly recovering component immediately after the electrical
stimulation, assuming a single exponential recovery with a time Figure 7 shows that the RRPs of synapses in hippo-
constant of 60 s. campal slices recover with the same double exponential
time course described above for the cell culture system.
Schaffer collaterals were stimulated repetitively in trans-we took the current integral beginning 10 ms after the
action potential as our basic measure of synaptic size. verse mouse hippocampal slices with a silver/silver
chloride stimulating electrode. The responses wereFigure 6 shows that the slow component of depression
accumulates progressively with longer synaptic use. measured by recording field potentials generated by
CA1 pyramidal cells with a recording electrode placed
about two-thirds of the way up the apical dendritic trees.Recovery of the RRP Has the Same Properties
in Hippocampal Slices To monitor baseline changes, responses were first re-
corded at low frequency (once every 8 s). Once a stableThe experiments described above were conducted on
hippocampal cells grown in cell culture, and the recov- baseline had been maintained for at least 8 min, two
high-frequency trains of action potentials were evokedery of the RRP was followed by measuring the exo-
cytosis induced by osmotic shocks. Could the slow re- at 20 Hz for each experiment. The first train was used
to induce short-term depression and lasted 10 s (200covery characterized here somehow be an artifact of
either our cell culture system or of the method employed stimuli). The second stimulation was started at an exper-
imentally varied amount of time after the end of the firstto evoke release of the RRP? To investigate these ques-
tions, we have repeated our main observation (Figure one. After the second high-frequency train, the prepara-
tion was again stimulated slowly for several minutes to1) in hippocampal slices with a method that does not
involve the use of hypertonic solution. ensure complete recovery. The slice preparations lasted
several (5±10) hours, allowing us to conduct many exper-As noted by Stevens and Wesseling (1999), the usual
way of monitoring recovery from depressionÐdeter- iments on the same pathway.
We use the sum of the first 80 postsynaptic responsesmining the size of the response to single action poten-
tials at various times after the induction of depressionÐ produced by the second train as our basic measure of
recovery over time. The stimulation protocols used herehas the problem that the high frequency stimulation
needed to induce the phenomenon also triggers ele- do not depress the synaptic response completely, pre-
sumably because the emptied RRP is continuously re-ments of synaptic enhancement that mask the true ex-
tent of depression. The responses to single action po- stocked with fresh vesicles. To correct for this offset,
and to guard against possible long-term changes to ourtentials thus give an erroneous impression of the time
course over which the RRP recovers. We have circum- preparation, measurements after the various recovery
intervals were interleaved with measurements madevented this problem in slice experiments by using 4 s
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when no time was allowed for recovery between the used, and that the relative sizes of the fast and slow
components depend upon the amount of prior use.two high-frequency stimulations. The sum of these 80
Classical Depletion Modelresponses was then subtracted from our basic measure,
The original idea of vesicular mobilization had the readilywhich was then normalized by the corresponding cor-
releasable and reserve pools of transmitter in a steady-rected sum of the first 80 responses of the first stimula-
state equilibrium with each other, so that depletion oftion. The normalized amount of recovery is plotted
the reserve pool was reflected in the size of the RRP. Thisagainst the experimental rest interval in Figure 7.
model will give Equation 1 as shown in the Appendix, butAs with the culture experiments described earlier, de-
that formulation is inconsistent with the recent data ofpression in the slice recovered as the sum of two expo-
Murthy and Stevens (1999). According to the classicalnentials with time constants of about 6 and 60 s (see
model, the steady-state size of the RRP relative to theFigure 7). Thus, the phenomenon analyzed here occurs
reserve pool is determined by the rates at which vesiclesin slices as well as in culture, and its properties appear
move between the two pools. Murthy and Stevens (1999)not to depend on the use of hypertonic solution to esti-
find that the reserve pool is about twice the size of themate pool size.
readily releasable one, which would mean that vesicles
would have to enter the RRP at a rate that is one-third
Discussion the sum of the entry and exit rates (see the Appendix).
The rate of transfer out of the RRP would therefore have
Here, we characterize a slowly recovering form of syn- to proceed more quickly than the rate at which vesicles
aptic depression. The time course of recovery is well dock and prime for release. But Murthy and Stevens
described by a single exponential with a fixed time (1999) find that the exit rate is actually much slower
constant of about 1 min, and the magnitude of this com- (about once per 2 min per vesicle) than the rate at which
ponent of depression is a function of the quantity of the RRP refills, an observation that makes the classical
transmitter released during stimulation. Previous work model untenable.
has identified a more quickly recovering component of The spirit of the classical model is that the rate of
depression of the RRP, which was termed depletion RRP refilling depends upon the number of reserve vesi-
(Stevens and Tsujimoto, 1995; Rosenmund and Stevens, cles (i.e., mass action). That is, after extensive exo-
1996; Stevens and Wesseling, 1998). Depletion also re- cytosis, the RRP recovers more slowly because the re-
covers with an approximately exponential time course, serve pool is depleted. The essence of the classical view
and so the total recovery of the RRP can be described can still be captured in an extension of the original idea
by the weighted sum of two exponentialsÐone with a that avoids the problem outlined above if the RRP is
time constant typically under 10 s (Stevens and Wesse- assigned a maximum capacity (which it did not have in
ling, 1998), and the other with a time constant of about the classical model). But mass action models such as
1 minÐas described by Equation 1. these cannot account for the additional observation pre-
sented here that the fast component of recovery always
proceeds with the same time constant no matter theWhat Is the Mechanism?
size of the reserve pool. The extended model can give
The goal of this section is to examine several models
Equation 1 for the particular special case where (1) the
that can account for the data described earlier; that is,
rates of transfer into and out of the RRP are approxi-
we explore the possible mechanisms underlying Equa- mately equal and (2) the reserve pool is much larger
tion 1. The classical theories ascribe the slow recovery than the readily releasable one (see the Appendix). But,
from the depression that follows prolonged synaptic use since both of these conditions are contradicted by the
to a depletion of the reserve pool of vesicles (Birks and Murthy and Stevens (1999) data, we conclude that, if
MacIntosh, 1961; Elmqvist and Quastel, 1965; Magleby, their findings are correct, the classical explanation for
1987; Zucker, 1989; Liu and Tsien, 1995b), but we shall the slowly recovering depression is unsatisfactory.
conclude below that this type of model is inconsistent Variable Capacity of the RRP
with our observations and other data. One possible alter- An alternative model that accounts for all of the data
native involves a change in the capacity of the RRP, has the capacity of the RRP decreasing with extended
perhaps due to the transient masking of vesicle docking exocytosis and returning to the resting capacity with
sites at the active zone, that might occur with heavy the time constant ts. The fast time constant tf would
synapse use. These models are considered in turn. represent the refilling of the RRP as usual. This model
In the discussion that follows, we need to distinguish gives Equation 1 as described in the Appendix and does
between the capacity of a pool and its size; the capacity not place restrictions on the rates of exchange between
is the total number of vesicles a pool can hold, and the the RRP and the reserve store.
size is the number it actually contains at a particular This alternative model has some compelling biological
time. When a pool is full, its size equals its capacity. If features. The average hippocampal synapse has an ac-
a pool were half full, its size would be half of its capacity. tive zoneÐthe region of presynaptic membrane where
The capacities of the RRP and the reserve pool are vesicles dockÐof about 0.04 mm2 (Schikorski and Ste-
unchanging if they are measured repeatedly at suffi- vens, 1997). Docking to this structure probably is neces-
ciently long intervals (Stevens and Wesseling, 1998; sary before vesicles can become readily releasable,
Murthy and Stevens, 1999). since the number of docked vesicles is similar to the
The important quantitative points embodied in Equa- number of quanta in the RRP (Schikorski and Stevens,
tion 1 are that both the short and long time constants 1997), and vesicles must dock before they can undergo
exocytosis. The area of membrane contained in the 90are independent of how much the synapses have been
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(1995) and Rosenmund and Stevens (1996). Isolated neurons werevesicles released in the Liu and Tsien (1995a, 1995b)
grown in cell culture as described previously (Furshpan et al., 1976,experiments would be about 0.15 mm2, or three to four
1986; Segal and Furshpan, 1990; Bekkers and Stevens, 1991). Roundtimes the area of the active zone. Because each vesicle
coverslips (12 mm) were coated with 0.15% agarose (type IIa) and
contains a complement of membrane proteins that may allowed to dry in 24-well cell culture plates. A glass chromatography
remain together as a unit during the period after exo- atomizer (Fisher) was then used to spray a particulate mist of sub-
strate solution containing rat tail collagen (0.25 mg/ml; either boughtcytosis and before subsequent endocytosis (Wittich et
commercially or prepared directly from rat tails as described byal., 1994), one can imagine that the unreclaimed vesicles
Banker and Goslin, 1991), and poly-D-lysine (0.1 mg/ml; CBI). Tissuemight disrupt the active zone structure and transiently
from the CA1±CA3 regions of newborn mice was dissociated asdiminish the capacity of the RRP by obscuring docking
previously described (Bekkers and Stevens, 1989) and 0.5 ml of a
sites. Morphological evidence for such a disruption of cell suspension diluted to around 3 3 104 cells/ml were added to
the active zone by heavy use has been reported by each well. Neurons were grown in high glucose (20 mM) media
containing 10% horse serum for 8±14 days before use.Shupliakov et al. (1997). During periods of rest, the pool's
Isolated neurons were patch clamped in perforated whole-cellcapacity would then return to its resting value as the
mode. The extracellular saline solution usually contained (in mM)spent vesicular membrane was taken back into the ter-
132 NaCl, 2 KCl, 10 glucose, 15 Sorbitol, 10 HEPES, 0.5 MgCl2, andminal. Twenty seconds after heavy synaptic use, then,
5 CaCl2. A few experiments were conducted with 2 mM MgCl2 anda completely full poolÐi.e., with all the available docking 0.25 mM CaCl2 instead. 50 mM D(2)APV was added to block NMDA-
sites occupiedÐwould contain fewer vesicles than the type glutamate currents. The patch clamp electrode was filled with
a solution containing (in mM) 140 K-gluconate, 9 NaCl, 0.2 CaCl2, 1same pool after a much longer rest.
MgCl2, 10 HEPES, 1 EGTA, 2 MgATP, and 0.2 LiGTP. AmphotericinThe preceding presents a specific picture of why the
(0.1 mg/ml, B-solubilized; Sigma) was added to permeabilize thenumber of available docking sites might decrease with
patch membrane to ions. All salines were adjusted to have a pHheavy synaptic use, but it is not the only possible version
around 7.2, and had an osmolarity between 295 and 305 mOsm/
of this class of explanations. One could also imagine kg. Uncontrolled action potentials were evoked presynaptically by
that the number of docking sites could be decreased transiently depolarizing the cell bodies as described earlier (Bekkers
and Stevens, 1991). Hypertonic solution (normal extracellular salineby lack of availability of biochemical components needed
augmented with 500 mM sucrose) was applied by picospritzing fromfor the docking and priming reactions, or that sites are
a glass pipette with a tip diameter of between 2 and 3 mm. A vacuumblocked by newly recycled vesicles that have yet to
pipette with a diameter of 10±50 mm was used to clear the hypertonicmature.
solution rapidly from the preparation. To accurately estimate the
fractional fullness of the RRP, we corrected the integral of current
Relation to Previous Observations flow caused by hypertonic solution by subtracting away the amount
of steady-state refilling and exocytosis that occurred during hyper-Two recent studies have reported what is probably the
tonic challenges (Stevens and Wesseling, 1998).same effect we describe here. Von Gersdorff and Mat-
Slice experiments were performed on transverse slices preparedthews (1997) find that a releasable pool of transmitter
from the hippocampi of 3- to 5-week-old mice. Mice were anesthe-at a retinal ribbon synapse refills with a time constant
tized with an intraperitoneal injection of chloral hydrate and decapi-
of about 8 s. They also report that the ªrefillingº is slowed tated soon after the disappearance of reflexive reactions to tail and
after strong synaptic use, although they could not accu- foot pinches. The brain was rapidly removed and bathed in a chilled
rately measure the longer refilling time constant (they solution that had most of the sodium ions replaced with sucrose (in
mM: 230 sucrose, 10.25 NaH2PO4, 26 NaHCO3, 30.5 KCl, 10.3 MgCl2,report a value greater than 20 s). As they point out, the
and 20.6 CaCl2 bubbled with 95% O2, 5% CO2). The cerebellum andslower refilling that they observe could easily be served
brain stem were dissected away and 400 mm thick coronal slicesby the same mechanism underlying the observations of
of the remaining brain were cut using a vibrating microtome. Hippo-
Liu and Tsien (1995a, 1995b). campal segments were dissected free, and area CA3 was removed.
The study most comparable to the present one is that The hippocampal slices were then gently washed three or four times
by Liu and Tsien (1995a, 1995b), who report a 39 s in the recording solution (in mM: 120 NaCl, 10.25 NaH2PO4, 26
NaHCO3, 10 glucose, 30.5 KCl, 20.5 CaCl2, 10.3 MgCl2, 5 picrotoxin,refilling time constant after the release of about 90
and 50 mM D(2)APV), which was bubbled with 95% O2, 5% CO2 forquanta from single synapses by local application of hy-
at least 20 min prior to use. The slices were maintained in an interfaceperkalemic solution. They estimated their characteristic
slice chamber humidified with 95% O2, 5% CO2 at room temperaturetime constant by fitting their data with a single exponen- for between 2 and 10 hr before being transferred to the submerged
tial that is constrained to pass through zero at zero time. recording chamber.
Since their first recovery observation was made 30 s Slices were submerged in the recording chamber with a nylon
mesh affixed to a platinum anchor. The solution in the z1 ml re-after the induction of depression, Liu and Tsien would
cording chamber was exchanged at a rate of about 1 ml/min withnot have observed the initial rapid refilling that we see.
continuously bubbled recording solution. A monopolar silver/silverWhen their data are refitted with a single exponential
chloride stimulating electrode inserted into a glass pipette (tip diam-
that is not constrained to pass through the origin, how- eter between 20 and 40 mm) filled with recording solution was placed
ever, but with the recovery time constant set at our value in the Schaffer collaterals. Excitatory postsynaptic potentials
of 60 s, then the initial pool size would be 0.32 of its (EPSPs) were evoked by using up to 20 V stimuli of 0.1 ms duration.
All experiments reported here were conducted at room temperatureresting value immediately after depression, a value com-
(238C±258C). Extracellular recordings were made with glass pipettesparable with our data (Figure 6). Thus, the data of both
(2 mm tip diameters), filled with recording solution, and placed inof these earlier studies are consistent with the same
the distal one-third of the stratum radiatum between 300 and 800
slowly relaxing depression in the capacity of the RRP mm away from the stimulator toward the subicular end of the hippo-
that we report here. campus. Recordings were only accepted if the peak synaptic poten-
tial had at least twice the amplitude of the fiber volley, and there was
Experimental Procedures no discernible population spike when the synapses were stimulated
once every 8 s. Response size was measured as the initial slope of
the rising phase of the postsynaptic response, estimated by fittingFor the cell culture experiments, the recovery of the RRP was esti-
mated with methods similar to those used by Stevens and Tsujimoto the rising segment between 30% and 60% of the peak with a linear
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least-squares fit. Stimulation rates reported in the text are accurate Stevens also find that b 5 a/5, a z10-fold difference from the predic-
tion made by the classical model. The data are thus inconsistentto within 610%.
with the classical explanation for the slow component of depression.
The Extended Classical ModelAppendix
The classical model is inaccurate in part because the sizes of theThe Classical Model
hypothetical pools are allowed to vary without limit. This means thatAccording to the classical model for depletion (Birks and MacIntosh,
the size of the D pool, for example, is set entirely by the rate con-1961; Elmqvist and Quastel, 1965; Magleby, 1987; Zucker, 1989; Liu
stants a and b. Can this model be rescued by placing an upper limitand Tsien, 1995b; Wu and Betz, 1998), two collections of synaptic
on the number of docking sites so that D pool size is no longervesicles are present in resting boutons: the readily releasable vesi-
determined solely by the rates a and b? The essence of the classicalcles (the D pool here, for docked and primed) and the reserve pool
idea is that the slow component of depression occurs when the(the R pool). The R pool is refilled with a rate constant k by recycling
reserve pool is depleted because the RRP refills at a rate that isof spent vesicles (the U pool of used vesicles), vesicles in R dock
proportional to the number of reserve vesicles. This concept canand prime (move from R to D) with a rate constant a, and those in
be incorporated into a more complex model where the pools haveD return to the reserve pool (vesicles in D returning to R) with a
restricted capacities. We show below, however, that this extendedrate constant b. The classical model is, in the absence of vesicular
model is also inconsistent with our observations.release, thus represented by the kinetic scheme:
We extend the classical model by denoting the capacity of the R
pool by N0 and that of the D pool by n0. In this model, the rate of
transfer from one pool to the other is jointly proportional to theU →k R
a
→←
b
D
number of vesicles in the source pool and to the number of vacan-
cies in the destination pool. For example, the rate of transfer from
the R pool to the D pool would be aN(t)[n0 2 n(t)], where [n0 2 n(t)]We denote the number of vesicles in the R pool as N(t) and the
is the number of D pool vacancies, N(t) is the number of vesicles innumber in the D pool as n(t); note that pool sizes are given as a
the R pool (the source), n(t) is the number in the D pool (the destina-fraction of the total number of recycling vesicles, so that if half of
tion), and a is the rate constant for the R to D transfer as in theall the vesicles were in the reserve pool, we would have N 5 0.5.
classical model described above.We assume that the total recycling pool is of constant size so that
For the D pool with no release occurring, the rate of change ofthe fraction of vesicles in the U pool is 1 2 n(t) 2 N(t). The equation
the contents dn(t)/dt is equal to the rate at which vesicles are sup-that describes the rate at which the size of the D pool changes is
plied from the R pool (the first term on the right of Equation 4A)
minus the loss back to the R pool from the D pool (the second termdn(t)
dt
5 aN(t) 2 bn(t) (1A) on the right):
We stress that this equation is valid only when no release occurs dn(t)
dt
5 a[n0 2 n(t)]N(t) 2 b[N0 2 N(t)]n(t) (4A)after t 5 0, although the pool contents at this time of course depend
on exocytosis before t 5 0. The corresponding gain±loss equation 5 2 [(a 2 b)N(t) 1 bN0]n(t) 1 an0N(t)
for the rate of change of the number of vesicles in the R pool is:
where b is the rate constant for the D to R transfer. For dN(t)/dt,
the rate of change of the number of vesicles in the R pool, thedN(t)
dt
5 2aN(t) 1 bn(t) 1 k[1 2 N(t) 2 n(t)] (2A)
corresponding gain±loss equation is:
The quantity that we measure in this study is proportional to n(t), dN(t)
dt
5 2 a[n0 2 n(t)]N(t) 1 b[N0 2 N(t)]n(t) 1 k[N0 2 N(t)] (5A)and a second-order differential equation for n(t) can be found by
eliminating N(t) between Equations 1A and 2A. This equation has 5 2 (an0 1 k)N(t) 1 bN0n(t) 1 kN0 1 (a 2 b)N(t)n(t)
the solution, found with standard methods,
where k is the rate of R pool replenishment as in the classical model.
The first term on the right is the rate of vesicular loss from the Rn(t)5a
a1 b 2 k 2 (N(0)(a 1 b) 2 k)e2t/tf 2 (1 2 N(0))(a 1 b)e2t/ts
(a 1 b)(a 1 b 2 k)
(3A)
pool to the D pool, the second is the rate of the R pool gain from
the D pool, and the last term is the rate at which the depleted R
with
pool regenerates.
A second-order differential equation for n(t) can be found by elimi-
tf 5
1
(a 1 b)
and ts 5
1
k
. nating N(t) between Equations 4A and 5A. The full treatment of this
equation would require lengthy discussion but fortunately is not
required for our present purposes.Here, we have assumed that the D pool starts completely empty at
According to the classical depletion concept, the rapid recoveryt 5 0 and have denoted the initial size of the R pool by N(0).
of the D pool is due to a fast equilibration between the R and D pools,If we define s(t) by
whereas the slow process proceeds as the R pool is replenished. If
the capacity of the R pool (N0) is small enough so that the pools(t) 5 n(t)
(a 1 b)
a changes in size as it loses vesicles to the D pool, as suggested by
Murthy and colleagues (Murthy et al., 1997; Murthy and Stevens,
and f and (1 2 f) by 1999), the portion of the D pool ascribed to the slow component
exponential (1 2 f in Equation 1) would have to be large even after
short stimulations that only empty the RRP once. This is not thef 5
N(0)(a 1 b) 2 k
a 1 b 2 k case. The slow component of recovery only begins to play a substan-
tial role after the release of several RRPs full of vesicles (see Figureand
6; Geppert et al., 1994; Stevens and Tsujimoto, 1995; Rosenmund
and Stevens, 1996; Stevens and Wesseling, 1998).
1 2 f 5
(a 1 b)(1 2 N(0))
a 1 b 2 k On the other hand, even if the capacity of the R pool (N0) were
large compared to that of the D pool (n0), the extended classical
model still could not account for our data because the rate of transferEquation 1 results. According to Equation 3A, the resting size of the
D pool is a/(a 1 b) and that of the R pool is b/(a 1 b), because N 1 out of the D pool and back to the R is far too slow. In the case
where the R pool does not lose a substantial amount of material asn 5 1 when no vesicles are waiting to be recycled (as occurs in the
resting state). Murthy and Stevens (1999) find that the D pool is the D pool refills, we can consider N(t) to be approximately constant
over the time course of rapid R pool refilling (z10 s) because theabout one-third the size of the total recycling pool, so a/(a 1 b) 5
1/3 or b 5 2a if the classical model is correct. But Murthy and R pool regenerates slowly (.60 s). N(t) can thus be approximated
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by N(0), and Equation 4A can be easily solved by standard methods Since Equation 1 describes the fractional recovery of the RRP, n(t)
must be similarly normalized for direct comparison to s(t) in Equationto yield:
1. We thus let s(t) 5 n(t)/Cmax. If we define f to be
n(t) ≈
an0N(0)
(a 2 b)N(0) 1 bN0
(1 2 e2t/tf) (6A)
f 5
ts
C(0)
Cmax
2 tf
ts 2 tf
,with
tf ≈
1
(a 2 b)N(0) 1 bN0
Equation 11A reduces to Equation 1 in the text. In this way, a simple
model with a docked vesicle pool capacity that varies with the
amount of exocytosis can account for our data.Unless a and b are approximately equal, the rapid time constant (tf)
in Equation 6A depends strongly upon the initial size of the R pool
(N(0)). But, our observation here is that tf is independent of the initial Acknowledgments
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